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Have you not seen how God makes the clouds move gently                        
then joins them together                        
then makes them into a stack                        
and then you see the rain come out of it                        
and He sends down hail from mountains of clouds in the sky                        
and He strikes with it (lightning) whomever He wills                        
and turns it from whomever He wills.                        
The vivid flash of its lightning nearly blinds the sight.  
[Nobel Quran, 24:43] 
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Thesis Outline 
This thesis is based on seven papers and divided into five chapters.  
 
Chapter 1 gives a comprehensive introduction to the main subjects of this the-
sis that are narrow bipolar pulses and wireless communication networks. At 
the end of this chapter, the objectives and contributions of each paper are 
given. 
 
Chapter 2 describes experimental setup and instrumentation used during 
measurements that had been conducted in Sweden and Malaysia. 
 
Chapter 3 presents a comprehensive summary of the latest results and analysis 
reported in Papers I, II, III, IV, and V about new observations, occurrence 
context and waveform characteristics of narrow bipolar pulses. 
 
Chapter 4 presents a comprehensive summary of results and analysis from 
experimental work in Papers VI and VII that have been conducted to study 
interaction between microwave radiation emitted by narrow bipolar pulses and 
transmission of bits by a wireless communication network. 
 
Chapter 5 provides important conclusions that can be made from the studies 
conducted in Papers I, II, III, IV, V, VI, and VII. 
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1.     Introduction 
1.1. Lightning Flash 
Lightning is one of the fascinating natural phenomena on earth. However, 
many aspects of lightning are still not really well understood mainly due to its 
interdisciplinary nature. Two types of lightning flashes that have been dis-
cussed in great details are cloud-to-ground (CG) and cloud flashes. A thun-
dercloud that produces these lightning flashes generally contains two main 
charge centers, one positive and the other negative, and a pocket of lower pos-
itive charge region (LPCR) located at the base of the cloud. 
Cloud-to-ground flash lowers down electrical charges from thundercloud 
to surface of earth. In the case of positive charges lowered down, the flash is 
known as a positive CG flash and for the opposite polarity, the flash is known 
as a negative CG flash. Electromagnetic field measurements show that a CG 
flash is initiated by a preliminary breakdown process (PBP) that takes place 
inside a thundercloud and followed by a process known as stepped leaders 
(SLs) which lower electric charges further down to the earth’s surface. The 
stepped leaders are followed by a return stroke; a neutralization process that 
takes place just soon after the downward stepped leaders make a contact with 
an upward connecting leader from earth’s surface. It is common to observe 
the occurrence of a negative CG flash with several subsequent return strokes 
while it is common for a positive CG flash to be observed with only one return 
stroke. It is typical to observe that some subsequent return strokes are pre-
ceded by dart leaders (DLs) or dart stepped leaders (DSLs). In between return 
strokes, several processes have been observed to occur such as a chaotic pulse 
train (CPT), M-components, and K-changes. These processes are collectively 
categorized as the junction process or J-process. 
A cloud flash is a lightning discharge originated inside a thundercloud that 
never reaches the surface of earth. When the discharge confines inside the 
same thundercloud, it is known as an intra-cloud (IC) flash. When the dis-
charge happens between two charge centers of two different thunderclouds, 
such a discharge known as a cloud to cloud flash. An intra-cloud flash takes 
place between the main negative charge center and main positive charge cen-
ter. A special category of the IC flash known as narrow bipolar pulses (NBPs) 
will be discussed in great details in this thesis. 
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1.2. Narrow Bipolar Pulses 
Narrow bipolar pulses are the electric fields produced by a distinct category 
of IC flashes. They were first reported by Le Vine (1980) and later described 
in more detail by Cooray and Lundquist (1985), Willett et al. (1989), Medelius 
et al. (1991) and Smith et al. (1999). Narrow bipolar pulses differ from the 
radiation fields produced by return strokes in several ways. The zero crossing 
time of these pulses are much narrower than that of the return strokes and the 
range normalized amplitudes are much larger than those of return strokes. A 
narrow bipolar pulse is also known by other names such as a narrow bipolar 
event (NBE) and a compact intra-cloud discharge (CID). 
In this chapter and throughout the thesis, the action of positive charges low-
ered down (or negative charges transported upward) produces an electric field 
change as shown in Figure 3.1. This NBP signature is known as positive NBP 
(+NBP) due to the convention used when positive charges are lowered down 
in a thundercloud. On the other hand, the action of negative charges lowered 
down (or positive charges transported upward) produces an electric field 
change as shown in Figure 3.2. This NBP signature is known as negative NBP 
(–NBP) due to the convention used when negative charges are lowered down 
in a thundercloud. 
1.2.1.  Occurrence Context 
Most of NBPs are found to occur in isolation, without any electrical activity 
immediately before or after the pulses. In the case when NBPs occur as part 
of an ordinary IC flash, they usually initiate the flash [Rison et al., 1999; Smith 
et al., 2004]. Narrow bipolar pulses have been observed with both positive and 
negative polarities where the occurrence of +NBPs are found to be more com-
mon than −NBPs. In general, the altitude of −NBP emission is found to be 
higher than +NBP [Smith et al., 2004; Zhu et al., 2010; Wu et al., 2013].  
Recently, NBPs are reported to occur as part of CG flash activities. Nag et 
al. (2010) reported about 6% of the total examined NBPs have occurred as 
part of a CG flash in Florida thunderstorms. Azlinda Ahmad et al. (2010) re-
ported that about 2.8% of the total recorded NBPs have occurred as part of a 
CG flash in Malaysian thunderstorms during the southwestern monsoon sea-
son. Wu et al. (2011) reported about 0.2% of the total examined NBPs have 
occurred as part of a CG flash in South China thunderstorms. 
Narrow bipolar pulses have been observed to occur within or near the con-
vective cores of thunderstorms [Jacobson and Heavner, 2005; Suszcynsky et 
al., 2005]. It has been inferred that NBP flash rates and emission altitudes are 
generally driven by the strength of the convective updraft in mid-latitude thun-
derstorms [Suszcynsky and Heavner, 2003; Wiens et al., 2008; Wu et al., 
2013]. In other words, as the altitude of NBP emissions increase, the NBP 
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flash rates also increase. Consequently, the NBP flash rate has been proposed 
to monitor thunderstorm severity [Wu et al., 2013]. 
1.2.2.  High Frequencies Radiation 
In most cases, very intense high frequency (HF)/very high frequency (VHF) 
radiation bursts accompany NBPs. Le Vine (1980) reported observations of –
NBPs at 3 MHz, 139 MHz, and 295 MHz using vertically polarized antennas. 
They observed that –NBP produced the strongest radio frequency (RF) radia-
tion and even larger than the RF radiation of return strokes at these HF and 
VHF frequencies. Rison et al. (1999) reported observations of +NBPs at 63 
MHz. They observed that the peak VHF radiation of +NBP was 30 dB greater 
than IC and CG events. Smith et al. (1999) reported observations of +NBPs 
recorded by broadband HF systems between 3 MHz and 30 MHz using 
discone antennas. The broadband noise-like HF radiation bursts associated 
with +NBPs have a mean duration of 2.8 µs and amplitudes ten times larger 
than radiation from IC and CG flashes at HF frequencies. Sharma et al. (2008) 
reported observations of +NBPs at 5 MHz and 10 MHz using parallel flat plate 
antennas. They observed that these HF radiations start with the onset of the 
+NBP event. Azlinda Ahmad et al. (2010) reported observations of both 
+NBPs and –NBPs at 3 MHz and 30 MHz using parallel flat plate antennas. 
They found short nanosecond scale sub pulses embedded on the rising and 
decaying edges of NBPs and these pulses always triggered the 3 MHz and 30 
MHz narrowband receivers. 
1.2.3.  Origin 
Several researchers [Watson and Marshall, 2007; Nag and Rakov, 2009; Nag 
and Rakov, 2010] have proposed that a hot conductive channel exists through 
which currents of many kilo amperes in amplitude flow; these currents gener-
ate the electric field. The estimated speed of propagation of the current pulse 
is from 0.3 × 108 m/s to 1 × 108 m/s with an estimated channel length of about 
1000 m or less. Considering such very fast propagation speeds in virgin air, it 
is not likely that the initial breakdown will be due to the electron drift speed 
in the ambient electric field. That in turn suggests that the initial breakdown 
propagation is either photon- or fast (runaway) electron-modulated. The fact 
that close NBP electric field signatures appear without any detectable initial 
breakdown processes (pre-leader activity) preceding the event, and that 
HF/VHF radiations can be detected almost simultaneously with the NBP on-
set, suggest that the initial breakdown processes and the formation of the hot 
conductive channel must occur instantaneously, i.e., at the propagation speed 
of light. Furthermore, frequent observations of gamma-ray glows [Dwyer and 
Uman, 2014] from thunderstorms suggest that the electric fields that are 
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needed to produce runaway electron avalanches are common inside thunder-
storms. As relativistic runaway electron avalanches (RREAs) come into the 
picture, the NBP electric field signature is believed to be generated from the 
propagation of RREAs alone rather than from current pulse propagation along 
a hot conductive channel [Cooray and Cooray, 2012; Cooray et al., 2014]. The 
proposed simulation models fit very well with the electric field changes and 
HF/VHF radiation signatures. The estimated propagation speed is between 2–
3 × 108 m/s with estimated lengths between 400 and 600 m. 
1.3. Lightning Protection 
There are thousands of natural lightning flashes occurring every day world-
wide. Recent study estimates the global lightning flash rate to be around 300 
flashes per second [Rakov and Uman, 2003]. Most of the time the occurrence 
of lightning flashes is hardly noticed by us due to the fact that three quarter of 
the flashes occur inside the cloud and are thus invisible to us. On the other 
hand, the remaining quarter are visible to our naked eyes in the form of optical 
radiation that strike the surface of earth. 
Lightning research in fact, is an interdisciplinary subject with the needs of 
various branches of engineering, physics, and chemistry integrated. Lightning 
research brings together power engineers, electromagnetic specialists, tele-
communication engineers, high voltage engineers, physicists, and chemistries 
to study lightning phenomena and investigate measures to avoid or prevent 
dangers caused by lightning. In general, the sources of danger caused by nat-
ural lightning flashes can be categorized into three types as follows: 
 
• Direct strikes from CG flashes. The dangers imposed by direct strikes are 
usually related to human fatalities and injuries, property damages, and 
economy lost. 
 
• Power surge from lightning strikes. The dangers imposed by a power 
surge usually relate to devices/equipment damages and economic loss. It 
happens when lightning strikes a power line, telephone line, or grounding 
wire and creates a ‘power surge’ travelling along the lines/wires and dam-
ages devices/equipment connected to the lines/wires. 
 
• Radiation produced by both CG and IC flashes. The dangers imposed by 
radiation usually relate to electromagnetic interference or disturbance to 
wireless systems such as television and radio broadcasting. 
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The scope of this thesis is limited to the dangers caused by the lightning radi-
ation to wireless communication systems. The radiation danger is actually a 
major problem due to the fact that the radiation is produced by both CG and 
IC flashes where IC flashes constitute about three quarter of the total lightning 
events. Meanwhile direct strikes and power surges are only contributed by CG 
flashes which constitute only one quarter from the total lightning events. 
1.4. Interaction with Wireless Communication 
Networks 
Wireless communication networks have evolved rapidly from the last decade 
and utilized a wide range of frequency bands for their operation particularly 
in the microwave band region. Currently, broadband wireless systems are op-
erating between 2 and 6 GHz frequency bands particularly at 2.4 GHz, 5.2 
GHz and 5.8 GHz. These frequency bands are chosen because they are free 
and open to use by anyone. Recent observations of microwave radiation from 
lightning flashes in [Fedorov et al., 2001; Petersen and Beasley, 2014] have 
triggered our interest to study its effects on wireless communication networks. 
Petersen and Beasley have observed strong microwave radiation at 1.63 GHz 
associated with CG flash events such as PBP, SLs, DLs, and return strokes. 
Meanwhile, Fedorov et al. have detected millimetric microwave radiation at 
37.5 GHz from a return stroke within a distance less than 5 km. The signal 
duration was between 20-60 µs. The maximum spectral radiation intensity was 
more than 10-19 W/(m2·Hz) or about -180 dB. 
First experimental work that studied interaction between laboratory sparks 
and wireless communication network is believed to be conducted for the first 
time by Esa et al. (2005). They have investigated the effects of interference 
from laboratory sparks on a private mobile radio (PMR) communication net-
work by observing the bit loss rate (BLR) at ultra high frequency (UHF) band 
around 500 MHz. Laboratory sparks were created in two different series of 
measurements where in one case an impulse voltage generator (IVG) was used 
and in another case a recloser test-set (RCT) was used. Impulse voltage gen-
erator produced sparks at breakdown voltages of 170kV and 400kV and RCT 
produced magnetic fields at discharge current peaks of 200A, 250A, 440A, 
650A, 720A, 850A, 1500A and 2000A. A pair of Motorola Talkabout T5420 
walkie-talkies was separated by 5 meters a line-of-sight (LOS) distance. These 
walkie-talkies were used to transmit audio packets. Each packet contains 1000 
frequency shift-keying (FSK) modulated bits. The measurements were con-
ducted at Universiti Teknologi Malaysia (UTM) High Voltage Lab, Malaysia. 
In their experiment, where an impulse voltage was applied to create the spark 
all bits were received successfully without losses whereas 25 bits were lost for 
the high-current experiment at 440A, 850A and 2kA current peak values 
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which corresponds to the BLR value of 2.5∙102. Interestingly, no losses were 
recorded for other current values specially at 650A, 720A and 1500A. How-
ever no explanation was given for this observation. Recorded BLR at 2.5∙10-2 
clearly shows a low quality audio transmission. 
1.4.1.  Understanding Wireless Channel Challenges 
Consider an example of a simple wireless communication network as shown 
in Figure 1.1. It consists 3 main parts: transmitter, receiver and wireless chan-
nel. The most vulnerable part is the wireless channel because it depends on 
the real environment in which the wireless system is positioned. One simplest 
way to describe a wireless channel is by assuming the existence of a LOS 
channel separated by a distance d between the transmitting antenna and the 
receiving antenna. The receiving antenna can be modelled as a matched resis-
tive load to the receiver [Proakis, 2001; Rappaport, 2002; Balanis, 2005]. The 
relationship between received power (Pr) and incident electric field (Ei) is 
given as follow [Rappaport, 2002; Balanis, 2005]: 
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where Gr is the antenna gain at receiver, η is the intrinsic impedance of free 
space (approximately 120π Ω) and λ is the wavelength of interest. Further, the 
relationship between the received power and total power radiated (average 
Poynting vector integrated over a sphere of radius d) from the antenna at trans-
mitter (Prad) is given by generalized Friis transmission equation [Rappaport, 
2002; Balanis, 2005]: 
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where Gt is the antenna gain at the transmitter and n is the path loss exponent. 
The equation assumes that the reflection efficiencies are unity and polarization 
of the receiving antenna is matched to the incident electric field. The term 
(λ/4πd)n is called the free-space loss factor and it models losses due to the 
spherical spreading of the energy by the antenna. The path loss exponent var-
iable n indicates that free-space loss factor varies in respect of the environ-
ment. Linear regression analysis revealed that the value of path loss exponent 
ranges between 1 and 5 [Holloway et al., 2006]. The path loss exponent with 
value 5 describes a complex environment with obstacles or objects that signif-
icantly attenuate the electromagnetic wave propagating between the transmit-
ting antenna and receiving antenna. 
Further, the electromagnetic wave could be reflected by the objects which 
creates a multipath behavior with the effect of constructive and destructive 
